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Abstract. 153Eu3+:Y2SiO5 is a very attractive candidate for a long lived, multimode
quantum memory due to the long spin coherence time (∼15 ms), the relatively large
hyperfine splitting (100 MHz) and the narrow optical homogeneous linewidth (∼100
Hz). Here we show an atomic frequency comb memory with spin wave storage in a
promising material 153Eu3+:Y2SiO5 , reaching storage times slightly beyond 10 µs. We
analyze the efficiency of the storage process and discuss ways of improving it. We also
measure the inhomogeneous spin linewidth of 153Eu3+:Y2SiO5 , which we find to be
69± 3 kHz. These results represent a further step towards realising a long lived multi
mode solid state quantum memory.
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1. Introduction
Quantum communication [1] provides resources and capabilities, such as quantum key
distribution [2], that are not possible to obtain using classical communication. A major
challenge to quantum communication, however, is to overcome the inherent losses of
quantum channels, e.g. optical fibers. A solution to the problem of long-distance
quantum communication is the quantum repeater [3, 4, 5, 6], which in principle can
work over arbitrary distances. To implement a quantum repeater, quantum memories,
effective delay lines of variable duration, are required. Atom based memories are
attractive candidates, indeed much research has been done in recent years to implement
them [7, 8]. In addition to faithfully reproducing the input mode and storing for
potentially long times [9, 10], memories should also have a multimode capacity [11, 12]
and an on demand readout [13] to realize a good quantum memory for quantum
repeaters. The quantum memory based on an atomic frequency comb (AFC) [14] has
the potential of achieving these ambitious goals in one memory.
An AFC memory is one which is based on an inhomogeneously broadened medium
which has been tailored to contain a frequency comb of narrow peaks (teeth) of atomic
population. The frequency spacing between the narrow peaks (∆) dictates the storage
time of the memory: coherent re-emission of the input mode, an echo, is seen in the
same forward direction a time 1/∆ after the input mode. Such an echo is referred to as
a two level echo in the remainder of this paper. The efficiency of the echo in the forward
direction, assuming a comb which can be described by a sum of Gaussian functions, is
given by [14]
η ≈
(
d
F
)2
e−7/F
2
e−d/F e−d0 (1)
where d (= αL, α is the absorption coefficient and L the sample length) is the optical
depth and F is the comb finesse. More specifically F = ∆/γ, where ∆ is as before and γ is
the comb tooth full width at half maximum (FWHM). Here we also include an additional
loss factor (the last factor) due to an absorbing background d0, which often occur due
to imperfect preparation of the comb. Note that although we consider Gaussian shaped
teeth here, which fit well with our experimental data, other shapes have been considered
elsewhere [15, 16]. Important results have been obtained using such a two level AFC
scheme, where a heralded single photon was stored in a crystal [17, 18] or heralded
entanglement was generated between two crystals [19]. Two level echo efficiencies using
an AFC scheme of 15-25 % are seen in many experiments [13, 16, 17, 20, 21]. In
these papers and the work presented here, the inhomogeneously broadened medium
is an inorganic crystal weakly doped with rare-earth ions. Such crystals placed in
commercially available cryostats cooled to less than 4 K have impressive coherence
properties on optical and spin transitions [9, 22]. We refer to [8] for a comprehensive
review of these materials in terms of quantum memories. In this particular work we use
153Eu3+:Y2SiO5 , which we believe has the potential of fulfilling the requirements of a
quantum memory for quantum repeaters [5, 14].
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Figure 1. An illustration indicating the time order of an AFC involving spin wave
storage. The input mode is in resonance with the |g〉 → |e〉 transition, the control
pulses are applied on the |e〉 → |s〉 transition. The time 1/∆ is defined by the periodic
frequency separation ∆ of the teeth of the atomic frequency comb.
The scheme described above, however, is not the complete AFC scheme as proposed
in [14]. The conversion of the optical excitation to a spin excitation is missing. This
requires the presence of another ground state. For a complete scheme the input mode is
followed by a control pulse which transfers the optical coherence between |g〉 and |e〉 to
a spin coherence between |g〉 and |s〉. The time line and an illustration of the relevant
levels is shown figure 1. This control pulse ’stops the clock’ of the predefined memory
time of 1/∆. A second control pulse ’restarts the clock’ by reverting to the optical
coherence between |g〉 and |e〉. The time between the control pulses is not predefined,
such that the application of the second control pulse allows on demand readout of the
memory. The explanation above is simplified since it does not take into account spin
dephasing due to inhomogeneous broadening, which leads to a decay in storage efficiency
as a function of spin storage time. This dephasing can, however, be compensated for
by using spin echo techniques, allowing long storage times only limited by the spin
coherence time.
An interesting aspect of the AFC scheme is that it is possible to implement a
multimode memory in the time domain where the multimode capacity is not dependent
on increasing optical depth [14, 23]. Rather the limit on the number of temporal modes
which can be stored depends only on the number of peaks in the atomic frequency
comb. This is restricted, in turn, by the width of the AFC, generally limited by the
hyperfine transition spacing and the smallest comb tooth width which can be obtained.
Another restriction, of a technical nature, is imposed by the frequency bandwidth of
the control pulses, which must spectrally cover the entire AFC spectrum. To transfer a
large bandwidth, the control pulses would most likely take the form of chirped shaped
pulses as discussed in reference [24].
To implement a full AFC scheme, the atomic element must have three levels
in the ground state, so that the atoms not required for the comb can be spectrally
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separated from the memory in an auxiliary state. In terms of rare earth doped crystals,
praseodymium and europium are interesting candidates. Their nuclear spin of I = 5/2,
results in three hyperfine levels at zero applied magnetic field [9]. A full AFC scheme
was demonstrated for the first time in praseodymium [13]. The nature of the material
used in these results places a limit of the number of modes to tens of modes. This
limit is due to the hyperfine splitting of the material (approximately 10 MHz) and
the optical homogeneous width of the material - 1 kHz. Europium on the other hand
has a larger hyperfine splitting (approximately 100 MHz) and an optical homogeneous
linewidth of the order of 100 Hz, [22], with such a material it should be possible to
create a multi mode memory with at least an order of magnitude more modes [14].
Also, larger frequency separation of the input and control frequencies will be useful for
spectral filtering, a likely requirement for future single photon storage. The drawback
of europium doped materials is the low oscillator strength, which results in low Rabi
frequency of the control fields and low optical depth. Both these factors are serious
limitations in our present experiment, as we will describe. We note, however, that
a material with a small optical depth does not necessarily have a poor efficiency, as
equation 1 would imply. By placing the crystal in an impedance matched cavity it
should be possible to achieve high efficiencies despite a low optical depth [25, 26].
2. Europium
Europium doped Y2SiO5 has been the subject of several spectroscopic studies, measuring
for instance absorption coefficients, inhomogeneous and homogeneous broadenings and
hyperfine level spacings [22, 27, 28, 29]. Until recently, however, the ordering of the
hyperfine levels and the transition branching ratios between these were unknown in
153Eu3+:Y2SiO5. We thus conducted spectroscopic investigations of an isotopically
enriched 153Eu3+:Y2SiO5 crystal [30] to determine a suitable Λ−system in which
to perform a complete AFC scheme. In this work we use one of the potential
Λ−systems identified in our previous work, shown in figure 2. We use the stronger
±|3/2〉g → ±|3/2〉e transition, with a greater optical depth, for the input mode, while
the control fields are applied on the weaker ±|5/2〉g → ±|3/2〉e transition. It should be
noted that from [30] three other potential Λ−systems could be identified, which could all
work as well or even better than the selected one (i.e. have larger oscillator strengths).
This particular configuration was chosen for a first proof-of-principle demonstration due
to available frequency shifts by our frequency shifters. Other configurations will be
tested in future work.
Our crystal has a 153Eu3+ doping level of 100 ppm, an inhomogeneous broadening
of 700 MHz and an absorption coefficient of 1.2 cm−1 on the 7F0 →5D0-transition . We
note that larger optical depths are possible with increased doping [27].
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Figure 2. Hyperfine structure of the 7F0 →5D0-transition in 153Eu3+:Y2SiO5. The
blue and green arrows indicate the Λ-system used for this work. Where the ±|3/2〉g →
±|3/2〉e acts as the |g〉 → |e〉 transition for the input mode, and ±|5/2〉g → ±|3/2〉e
the |e〉 → |s〉 transition for the control fields. Although a Λ-system containing two
ground states is all that is required for the complete AFC scheme, a third ground state
(an auxiliary state) is required to store the atoms which are not part of the AFC. For
the Λ-system used in this paper the auxiliary state is ±|1/2〉g. The ±|1/2〉g → ±|5/2〉e
transition is used in the comb preparation stage, as explained in the text.
PPKTP
Europium 
Crystal
AOM:D
930 nm
1540 nm
T.Amp
0
1
1
Er Amp Er Amp
AOM
AOM
AOM
AOM:I
AOM:M
Figure 3. This figure represents a very basic illustration of the experiment. The sum
frequency process in the PPKTP waveguide generates the light at 580 nm from the
1540 nm and 930 nm diode lasers. The light from both lasers is amplified, a tapered
amplifier is used for the light at 930 nm, and two erbium amplifiers for the light
at 1540 nm. The AOMs at 1540 nm select the atomic transition used. Two AOMs
(AOM:M and AOM:I) at 580 nm before the europium crystal determine the amplitude
and the duration of light in either the control or the input mode. These two modes
overlap in the europium crystal. Further explanation of the experiment can be found
in the text.
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3. Experimental description
The 7F0 →5D0-transition requires a light source at 580 nm. This wavelength is not
covered by diode lasers at present, so we have chosen to generate it using sum frequency
generation (SFG) of two wavelengths: 1540 nm and 930 nm. The non linear medium
used is a PPKTP waveguide, which produces 110 mW of light at 580 nm at the output
where there is 1.5 W of light at 1540 nm and 400 mW of light at 930 nm at the input.
To reduce the losses of the light produced at 580 nm, the three frequencies required for
the measurements shown in this paper are produced using accousto optical modulators
(AOM’s) on the 1540 nm light. This light is recombined in a 3x3 coupler, the polarization
of each AOM can be controlled before it is combined, thus adjusting the polarization
required for the waveguide. The polarization control is suppressed in figure 3. The
losses due to these AOM’s are compensated with the amplifier after the 3x3 coupler,
such recuperation could not be obtained at 580 nm.
Once the light is produced at 580 nm it passes through an AOM (AOM:M) which
determines the intensity and duration of the light in the crystal. AOM:M is in double
pass, which allows small frequency scans of at least 15 MHz to be made uniformly
in intensity. In fact more than one spatial mode is required for the spin wave storage
measurements performed in this paper. This is due to the low amplitude of the observed
echo signal, compared to the strong control pulse. In addition, we observed that the
control pulse causes free induction decay in its spatial mode, presumably due to off-
resonant excitation, which will act as a background noise on the weak echo. To avoid
this noise we use two spatial modes, one for the comb preparation and the control
modes, another for the input pulse. In order to have fast independent control over each
of the spatial modes we use two AOMs, one for each mode. The zero order from the
first pass of AOM:M is thus diverted to another AOM (AOM:I) which operates at the
same frequency. AOM:I is also in a double pass configuration. The resulting light from
AOM:I and AOM:M cross in the europium crystal. Before the cryostat there can be up
to 53 mW of light from AOM:M, depending on the radio frequency amplitude applied
to AOM:M. This light is focussed in the crystal with a beam waist of 60 µm. The
light from AOM:I is significantly weaker, it can only reach a maximum power of 3 mW.
The light hitting the detector can be attenuated using AOM:D in single pass after the
cryostat.
The light at 580 nm is frequency stabilized using a second continuous wave SFG
source which is not drawn in figure 3. Light from both diode lasers is taken before the
amplifiers, combined on a dichroic mirror and sent through a second PPKTP waveguide.
A cavity with a free spectral range of 1 GHz and finesse of 600 is used in a Pound
Drever Hall configuration. The cavity mirrors are separated by an invar spacer and
the structure is temperature stabilized. The correction for the error signal is applied to
930 nm laser. The frequency stabilization removed slow frequency drifts and narrowed
the laser linewidth to slightly less than 50 kHz as measured by spectral hole burning.
The europium crystal itself is housed in a pulse tube cooler, where the cold finger
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has a temperature of 2.8 K. We observe spectral broadening of the teeth in the comb
when the cryostat cooler is switched on compared to when it is switched off. The spectral
broadening was very shot-to-shot dependent, indicating that it depends on where the
measurement is performed within the pulse tube cycle (with a period of 700 ms). It is
likely that this spectral broadening is caused by crystal movement in the same direction
as the beam propagation, induced by the vibrations from the cryostat compressor or
rotary valve. Although the exact physical mechanism leading to this broadening remains
unclear, we believe it to be due to phase noise in the atom-light interaction induced by
the modulation of the laser-crystal distance, leading to an effective laser line broadening.
By triggering the experimental sequence on the vibrations in the cooling tubes using a
piezo, the observed jitter on the width of a comb tooth is reduced by a factor of three,
from 150 kHz to 50 kHz. We conclude this section by noting that the technical spectral
broadening due to laser linewidth and cooler vibrations add up to about 100 kHz.
4. Comb preparation and two level echo efficiency
The frequency comb required for an AFC quantum memory can be prepared using
a stream of pulses where the inverse of the time separation gives the frequency
separation(∆) of the comb produced [11, 16]. Spectral tailoring techniques similar to
those used in references [13] and [30] are necessary before the comb creation to isolate
an atomic system such as that described in figure 2. Note that the spectral tailoring is
performed over a certain frequency range, in our case over roughly 10 MHz. The spectral
tailoring includes a spin polarization process, which prepares the atoms in one of the
ground states, in this case in the auxiliary state ±|1/2〉g (see figure 2). The comb is then
prepared by sending a stream of 15 pulses on the ±|1/2〉g → ±|5/2〉e transition, exciting
a spectral comb structure of ions. A fraction of the excited ions in ±|5/2〉e will decay
to |3/2〉g, thus forming the desired spectral comb of ions on ±|3/2〉g → ±|3/2〉e . Since
only a fraction of the ions decay to |3/2〉g, it is necessary to repeat the comb preparation
many times. Ions that fall down in the |5/2〉g must also be removed by optical pumping,
forcing most of these ions into the desired |3/2〉g state. In the experiments shown here
80 repetitions are used. More details on all the steps used in the comb preparation can
be found in [30].
A sample comb is shown in figure 4a where the frequency separation of the comb
is ∆ = 0.5 MHz (this corresponds to a two level AFC storage time of 2 µs). The
comb measurement is performed by measuring the absorption of ±|3/2〉g → ±|3/2〉e .
The maximum optical depth that we could obtain on this transition is d = 0.8, higher
than the maximum peak height shown in figure 4a, where the maximum value is d =
0.54. Peaks with higher absorption are obtainable with more power in the pulse stream,
however, this results in broader peaks. Broader peaks reduce the finesse (F) of equation
1, thus lowering the maximum echo efficiency possible. The green dotted line shown in
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Figure 4. (a) A sample comb created with a periodicity of 0.5 MHz. The blue solid
line shows the measured comb. This comb is obtained by measuring the absorption of
the ±|3/2〉g → ±|3/2〉e with a small scan of <2 MHz over 200 µs. The comb shown is
an average of 20 measurements. The green dashed line shows a Gaussian comb with
γ = 165 kHz (corresponding to F = 3.03), d0 = 0.04 and d = 0.54. (b) We here show
the corresponding echo, where the efficiency is measured to be 1.5 %. It was necessary
to change the detector gain for the two measurements shown, which results in more
noise on the background of the input mode.
figure 4a represents a Gaussian comb in frequency (ν) of the form
n(ν) = d
j=+4∑
j=−4
e
−
(ν−j∆)2
2γ¯2 + d0 (2)
where the peak width is given by γ¯ = γ/
√
8 ln 2 (all other parameters are defined
as before). The finesse of each comb is obtained by measuring the width of the
peaks created. The minimum width of a peak in the comb is limited by the laser
linewidth and the frequency noise induced by vibrations from the cryostat. Additional
contributions include possible power broadening from the peak preparation pulses and
the inhomogeneous spin linewidth of the material.
The echo which can be seen using the comb in figure 4a is shown in figure 4b. The
efficiency of the emitted two level echo is obtained by comparing the area of the input
mode when there is no absorption on the input mode transition (the blue solid line),
to the area of echo signal (the green solid line). The efficiency measured here is 1.5 %,
higher than that expected using equation 1 and the values of d and d0 obtained in figure
4b of 1.2 % (cf. figure 5). We estimate an error of ±5 % on the efficiencies shown due to
the non linear reaction of changing the gain on the detector. Additionally, the optical
depth measured in the comb measurement of figure 4 is likely to be too low. Firstly, the
optical depth has been reduced by the input pulse which was not suppressed for this
measurement. Secondly the rate of the scan, 2 MHz in 200 µs implies a scan resolution
of roughly 100 kHz, large enough to detrimentally affect the values extracted for d and
d0.
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Figure 5. This figure shows the decay in the echo efficiency of a two level AFC echo.
The squares show the efficiencies using a comb preparation described in the text for a
range of AFC storage times(1/∆). The finesse expected from γ = 165 kHz is plotted
using a solid red line (right hand y axis).
Using the same preparation method, the time separation of the comb preparation
pulses and thus the frequency separation of the comb teeth(∆) was varied. The two
level echo efficiency for a storage time of up to 5 µs was measured and the results are
plotted in figure 5. A comb has been measured for each efficiency shown in figure 5.
For longer storage times, we do not deem this comb measurement to be accurate. The
effects of our scan resolution, the vibrating cryostat and the laser linewidth are hard
to separate from the actual comb. Instead we merely extract a value of γ from these
plots of 165 kHz, and show the measured finesse on the right hand axis. The trend of
decreasing finesse accounts for the trend of decreasing efficiency.
The optimum storage time in our system is currently 2 µs. But these results do
not represent a fundamental limit to the maximum storage time or two level efficiency
in this material. The storage time is clearly limited by the AFC tooth width (γ). The
minimum width obtained was limited by our laser linewidth and the effective linewidth
broadening probably due to crystal movement induced by the cryostat cooler. In order
to improve the storage time we should improve the laser frequency stabilization and
reduce the presumed effect of crystal movement. The latter can be done by employing
a low-vibration pulse tube cooler or by stabilizing the path length between the laser
source and crystal, this could be done using an interferometric setup. In addition, due
to our preparation method, the inhomogeneous spin linewidth is also likely to contribute
towards the minimum linewidth. This issue can, however, easily be resolved by changing
the preparation method.
The maximum efficiency obtained at 2 µs storage time is limited by the low optical
depth of our material. Higher efficiencies can certainly be reached using a crystal with
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Figure 6. This figure shows an input mode (blue), its two level echo with no control
pulses (green) and a spin stored echo, a three level echo when the control pulses are
applied (red). Compared to the two level echoes shown in figure 5 the input mode is not
in the same spatial mode as the preparation of the AFC. This is to reduce free induction
decay background noise on the three level echo. The input mode and the preparation
beams overlap in the crystal. The control fields are in the same mode as that of the
preparation. Imperfect overlap of the two modes accounts for the efficiency of the two
level echo dropping by almost a factor of three compared to figure 5. Changing the
gain on the detector distorts the pulse shape of the echo. All of the measurements
represent an average of 20 traces.
higher doping concentration. Indeed a peak optical depth three times higher has been
obtained [27], which ideally would result in a ten-fold increase in the efficiency (see eq.
1). Another interesting solution would be to place a cavity around the crystal [25, 26].
Both methods might be required in order to approach unit efficiency. We conclude
this section by noting that whilst not dictating an absolute limit, these efficiencies do
represent a serious limitation in our present system, which is relevant to the following
results of spin wave storage in the complete AFC scheme.
5. Spin wave storage
In order to perform spin wave storage, we spatially separate the input mode from the
control mode using a cross beam configuration, as already discussed in the experimental
description section(see also figure 3). While reducing the free induction decay noise
caused by the control fields [13], the crossed beam configuration also has a negative
effect, it reduces the efficiency of the two level echo. A sample two level echo is shown
in figure 6. This echo is measured without the control pulses, but in a crossed mode
configuration where the comb is prepared using AOM:M. The efficiency of the two level
echo is measured to be 0.24 % at 1/∆ = 4µs. This should be compared to the single
spatial mode measurement, where the efficiency was measured to be 0.6 % (see figure 5).
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The two level echo efficiency is thus reduced by almost a factor of 3. This is attributed
to imperfect overlap of the two beams.
In the introduction of this paper we talked about using chirped pulses for our control
pulses. Such pulses would allow us to efficiently transfer a large bandwidth, potentially
all of the teeth in the AFC spectrum. But these pulses are generally of longer duration
as compared to a pi-pulse [24]. There is however a limit on the time which we can use to
perform the control pulses. The duration and shape of the input pulse and one control
pulse cannot be longer than the predefined two level echo time 1/∆. In addition, the
duration of the input pulse defines the bandwidth which the control pulse must transfer.
In our current experimental set up, the Rabi frequency of the control pulse transition,
±|5/2〉g → ±|3/2〉e , is estimated to be of the order of 300 2pikHz. To transfer a
bandwidth of 300 kHz, using a pi-pulse, 1.7 µs are necessary at this Rabi frequency. If
we set 1/∆ = 2 µs to obtain the highest two-level echo efficiency, the input pulse would
have to be shorter than 0.3 µs. The spectral bandwidth of such an input pulse would be
>3 MHz, the majority of which will not be transferred by a 1.7 µs control pulse. This
illustrates that a compromise must be made between the efficiency of the two level echo
and the efficiency of the transfer. We use the final echo efficiency as an indicator of the
best compromise.
The input pulse had approximately a Gaussian shape, while the identical control
pulses were square shaped. We set the two-level storage time to 1/∆ = 4µs. The
durations of the input pulse and the control pulses were optimized by looking at the
efficiency of the three level echo. The highest efficiency was reached with an input pulse
with a full width at half maximum of 1.3 µs, and control pulses of duration 1.55 µs.
The resulting echo with spin-wave storage is shown in figure 6, where the spin storage
time is roughly 5 µs, leading to a total storage time of 9 µs. We checked that the
echo is not present if we remove the first control pulse or if we remove the input mode,
as expected. In figure 6 we also show the associated two-level echo (no control pulses
applied) obtained with an identical comb structure. Note that AOM:D is used to gate
the detector around the measured echoes, as the input mode would saturate the detector
at the gain required to see the echoes.
Maintaining this 1/∆ = 4µs AFC it is possible to vary the time between the control
pulses (Ts). This is the on demand storage time of the full AFC scheme. For a rare
earth doped crystal we expect to see a decay given by the inhomogeneous spin linewidth
of the material [13]. The storage time of the complete AFC scheme as described in
the introduction of this paper is limited by this linewidth. If we assume a Gaussian
distribution for the spin broadening the decay of the stored echo is given by
Echo height = Ae
(
−T2s γ
2
IS
pi2
2ln2
)
(3)
where Ts defines the spin storage time, A is a constant and γIS is the inhomogeneous spin
linewidth. An echo of increasing spin storage time is shown in figure 7. The complete
memory time is given by Ts + 1/∆. Each recorded echo is fitted with a Gaussian
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Figure 7. Inhomogeneous spin linewidth measurement. Each point represents the
maximum of the Gaussian function which has been fitted to each trace. Some traces
and fits are shown, the rest are suppressed for clarity. The formula used to fit the data
is described in the text, yields an inhomogeneous linewidth of 69 ± 3 kHz.
function, the maximum of which is used to fit equation 3. We obtain an inhomogeneous
spin linewidth of 69± 3 kHz. Some echo traces and their fits are shown, but most have
been suppressed for the sake of clarity.
Armed with the knowledge of the inhomogeneous spin linewidth we can estimate the
efficiency of the transfer pulses used. For the example shown in figure 6, the measured
efficiency can be extrapolated to Ts = 0, resulting in an estimated 0.04% efficiency
without spin dephasing. Hence, the estimated three level echo at Ts = 0 is 16 % of
the two level echo (0.04%/0.24%=0.16). Following the simple model discussed in [13]
we can then calculate the transfer efficiency per pulse, which we find to be 40%. It
should be noted that since the bandwidth of the control pulses is not much larger than
the input pulse bandwidth, we should take this value as an effective average over the
bandwidth. It is also difficult to estimate the effect of imperfect beam overlap on the
efficiency. However, considering we observe a strong decrease in the two level echo due
to insufficient overlap, it is likely that the overlap has a non-negligible effect on the
estimated transfer pulse efficiency.
We emphasize that it is possible to refocus the spin coherence using radio frequency
pulses (spin echo), which would allow us to store for durations of the order of the spin
coherence time. This was measured to be 15.5 ms for the 151Eu3+ isotope in Y2SiO5
at zero magnetic field [31]. One can expect a similar value for 153Eu3+. As a future
perspective one can also think of applying a magnetic field to cancel the first order
Zeeman effect, creating a memory which for europium could be of the order of many
seconds [32]. This is similar to work performed in praseodymium [9]. The excellent spin
coherence properties is a clear strength of europium doped materials.
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6. Conclusion, discussion and outlook
Here we show for the first time an AFC memory with spin wave storage in a europium
crystal. Europium is an interesting material for quantum memories thanks to its long
spin coherence time and its potential for multimode storage. The experiments we report
here represent a first step in this direction. Yet, several important aspects of the memory
must be significantly improved.
First, the efficiencies which we report are very low, indeed europiums’ handicap lies
in its low optical depth. There exist promising proposals to increase the optical depth
by placing the crystal in a cavity thus increasing the efficiency of a two level echo. The
measurements shown in this paper do not represent a fundamental limit of the efficiency
nor of the storage time of a two level echo. The latter has an impact on the multimode
capacity of the memory. The storage time could be improved by changing the comb
preparation method to one such as that found in reference [11], which would remove
the effect of the inhomogeneous linewidth from the minimum peak width obtainable.
Indeed peaks as narrow as 1 kHz can be found in the recent publication [33]. Further
technical improvements on the laser linewidth or a cryostat with less vibration would
also improve the storage time shown in this paper, allowing for multimode storage and
the use of more efficient, chirped control pulses.
Another technical difficulty: the relatively small dipole moment of this transition,
means that large amounts of power are required to transfer a relatively small bandwidth.
To increase the bandwidth of the transfer significantly larger amounts of power are
required. Recent developments of powerful lasers for sodium based systems at 589 nm
[34], can also be applied to developing narrowband, powerful and compact lasers at 580
nm.
In the spin wave storage experiments presented here we could store for up to about
10 µs, limited by inhomogeneous spin dephasing. From these measurements we could
estimate the spin linewidth, which we found to be 69± 3 kHz. The inhomogeneous spin
linewidth is not a restriction, however, on the maximum storage time of the medium.
The storage time can be increased using spin refocussing pulses such as [9].
An important milestone for quantum memories based on rare-earth doped crystals
would be to store an optical pulse on the single photon level as a spin wave excitation,
a milestone that has not yet been reached in any rare earth based memory. The low
overall efficiencies obtained in these experiments currently make this a very challenging
experiment in 153Eu3+:Y2SiO5. The possible improvements that we have detailed,
however, should make it possible in the near future. In this context we recently proposed
a method of generating a photon pair source with variable delay [35], using the same
resources used for spin-wave storage based AFC quantum memory. The overall efficiency
of this source also has a less strong dependence on optical depth and control pulse
transfer efficiency. An advantage of 153Eu3+:Y2SiO5 in this context is the large hyperfine
splitting, which facilitate spectral filtering as compared to praseodymium doped Y2SiO5.
Atomic frequency comb memory with spin wave storage in 153Eu3+:Y2SiO5 14
7. Acknowledgements
We would like to thank Claudio Barreiro for technical assistance and N. Sangouard and
H. de Riedmatten for useful discussions. We are also grateful to Y. Sun, R. L. Cone
and R. M. Macfarlane for kindly lending us the 153Eu3+ doped Y2SiO5 crystal. This
work was financially supported by the Swiss NCCR-QSIT and by the European projects
QuRep, Q-Essence and CIPRIS (FP7 Marie Curie Actions).
8. Bibliography
[1] Nicolas Gisin and Rob Thew. Quantum communication. Nat Photon, 1(3):165–171, March 2007.
[2] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden. Quantum cryptography. Rev. Mod. Phys.,
74(1):145–195, Mar 2002.
[3] H.-J. Briegel, W. Du¨r, J. I. Cirac, and P. Zoller. Quantum repeaters: The role of imperfect local
operations in quantum communication. Phys. Rev. Lett., 81:5932–5935, Dec 1998.
[4] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller. Long-distance quantum communication with
atomic ensembles and linear optics. Nature, 414:413 (6 pp.), 2001.
[5] C. Simon, H. de Riedmatten, M. Afzelius, N. Sangouard, H. Zbinden, and N. Gisin. Quantum
repeaters with photon pair sources and multimode memories. Phys. Rev. Lett., 98(19):190503–4,
May 2007.
[6] Nicolas Sangouard, Christoph Simon, Hugues de Riedmatten, and Nicolas Gisin. Quantum
repeaters based on atomic ensembles and linear optics. Rev. Mod. Phys., 83(1):33–34, March
2011.
[7] C. Simon, M. Afzelius, J. Appel, A. Boyer de la Giroday, S. J. Dewhurst, N. Gisin, C. Y. Hu,
F. Jelezko, S. Kro¨ll, J. H. Mu¨ller, J. Nunn, E. S. Polzik, J. G. Rarity, H. De Riedmatten,
W. Rosenfeld, A. J. Shields, N. Sko¨ld, R. M. Stevenson, R. Thew, I. A. Walmsley, M. C. Weber,
H. Weinfurter, J. Wrachtrup, and R. J. Young. Quantum memories. The European Physical
Journal D - Atomic, Molecular, Optical and Plasma Physics, 58(1):1–22–22, May 2010.
[8] W. Tittel, M. Afzelius, T. Chanelie`re, R.L. Cone, S. Kro¨ll, S.A. Moiseev, and M. Sellars. Photon-
echo quantum memory in solid state systems. Laser & Photonics Review, 4:244–67, 2010.
[9] J. J. Longdell, E. Fraval, M. J. Sellars, and N. B. Manson. Stopped light with storage times
greater than one second using electromagnetically induced transparency in a solid. Phys. Rev.
Lett., 95:063601, Aug 2005.
[10] R. Zhao, Y. O. Dudin, S. D. Jenkins, C. J. Campbell, D. N. Matsukevich, T. A. B. Kennedy, and
A. Kuzmich. Long-lived quantum memory. Nat Phys, 5:100, 2009.
[11] I. Usmani, M. Afzelius, H. de Riedmatten, and N. Gisin. Mapping multiple photonic qubits into
and out of one solid-state atomic ensemble. Nature Communications, 1:12 (7 pp.), 2010.
[12] M Bonarota, J-L Le Goue¨t, and T Chanelie`re. Highly multimode storage in a crystal. New Journal
of Physics, 13(1):013013, 2011.
[13] Mikael Afzelius, Imam Usmani, Atia Amari, Bjo¨rn Lauritzen, Andreas Walther, Christoph
Simon, Nicolas Sangouard, Jiˇr´ı Mina´rˇ, Hugues de Riedmatten, Nicolas Gisin, and Stefan Kro¨ll.
Demonstration of atomic frequency comb memory for light with spin-wave storage. Phys. Rev.
Lett., 104:040503, Jan 2010.
[14] Mikael Afzelius, Christoph Simon, Hugues de Riedmatten, and Nicolas Gisin. Multimode quantum
memory based on atomic frequency combs. Phys. Rev. A, 79:052329, May 2009.
[15] T Chanelie`re, J Ruggiero, M Bonarota, M Afzelius, and J-L Le Goue¨t. Efficient light storage in
a crystal using an atomic frequency comb. New Journal of Physics, 12(2):023025 (12pp), 2010.
[16] M. Bonarota, J. Ruggiero, J. L. Le Goue¨t, and T. Chanelie`re. Efficiency optimization for atomic
frequency comb storage. Phys. Rev. A, 81:033803, Mar 2010.
[17] Christoph Clausen, Imam Usmani, Fe´lix Bussie`res, Nicolas Sangouard, Mikael Afzelius, Hugues
Atomic frequency comb memory with spin wave storage in 153Eu3+:Y2SiO5 15
de Riedmatten, and Nicolas Gisin. Quantum storage of photonic entanglement in a crystal.
Nature, 469:508, January 2011.
[18] Erhan Saglamyurek, Neil Sinclair, Jeongwan Jin, Joshua A. Slater, Daniel Oblak, Fe´lix Bussie`res,
Mathew George, Raimund Ricken, Wolfgang Sohler, andWolfgang Tittel. Broadband waveguide
quantum memory for entangled photons. Nature, 469:512, 2011.
[19] I. Usmani, C. Clausen, F. Bussie`res, N. Sangouard, M. Afzelius, and N. Gisin. Heralded quantum
entanglement between two crystals. arXiv 1109.0440, September 2011.
[20] M. Sabooni, F. Beaudoin, A. Walther, N. Lin, A. Amari, M. Huang, and S. Kro¨ll. Storage and
recall of weak coherent optical pulses with an efficiency of 25%. Phys. Rev. Lett., 105(6), AUG
2 2010.
[21] A. Amari, A. Walther, M. Sabooni, M. Huang, S. Kro¨ll, M. Afzelius, I. Usmani, B. Lauritzen,
N. Sangouard, H. de Riedmatten, and N. Gisin. Towards an efficient atomic frequency comb
quantum memory. Journal of Luminescence, 130(9, Sp. Iss. SI):1579–1585, SEP 2010.
[22] R. W. Equall, Y. Sun, R. L. Cone, and R. M. Macfarlane. Ultraslow optical dephasing in
Eu3+:Y2SiO5. Phys. Rev. Lett., 72:2179–2182, Apr 1994.
[23] J. Nunn, K. Reim, K. C. Lee, V. O. Lorenz, B. J. Sussman, I. A. Walmsley, and D. Jaksch.
Multimode memories in atomic ensembles. Phys. Rev. Lett., 101(26):260502–4, December 2008.
[24] Jiˇr´ı Mina´rˇ, Nicolas Sangouard, Mikael Afzelius, Hugues de Riedmatten, and Nicolas Gisin. Spin-
wave storage using chirped control fields in atomic frequency comb-based quantum memory.
Phys. Rev. A, 82:042309, Oct 2010.
[25] Mikael Afzelius and Christoph Simon. Impedance-matched cavity quantum memory. Phys. Rev.
A, 82:022310, Aug 2010.
[26] Sergey A. Moiseev, Sergey N. Andrianov, and Firdus F. Gubaidullin. Efficient multimode quantum
memory based on photon echo in an optimal QED cavity. Phys. Rev. A, 82:022311, Aug 2010.
[27] Flurin Ko¨nz, Y. Sun, C. W. Thiel, R. L. Cone, R. W. Equall, R. L. Hutcheson, and R. M.
Macfarlane. Temperature and concentration dependence of optical dephasing, spectral-hole
lifetime, and anisotropic absorption in Eu3+ :Y2SiO5. Phys. Rev. B, 68:085109, Aug 2003.
[28] Ryuzi Yano, Masaharu Mitsunaga, and Naoshi Uesugi. Ultralong optical dephasing time in
Eu3+:Y2SiO5 . Opt. Lett., 16(23):1884–1886, Dec 1991.
[29] Ryuzi Yano, Masaharu Mitsunaga, and Naoshi Uesugi. Nonlinear laser spectroscopy of
Eu3+:Y2SiO5 and its application to time-domain optical memory. J. Opt. Soc. Am. B, 9(6):992–
997, Jun 1992.
[30] B. Lauritzen, N. Timoney, N. Gisin, M. Afzelius, H. de Riedmatten, Y. Sun, R.,M. Macfarlane,
and Cone R.L. Spectroscopic investigations of Eu3+:Y2SiO5 for quantum memory applications,
2011. submitted to Phys. Rev. B.
[31] A. L. Alexander, J. J. Longdell, and M. J. Sellars. Measurement of the ground-state hyperfine
coherence time of 151Eu3+:Y2SiO5. J. Opt. Soc. Am. B, 24(9):2479–2482, September 2007.
[32] J. J. Longdell, A. L. Alexander, and M. J. Sellars. Characterization of the hyperfine interaction
in europium-doped yttrium orthosilicate and europium chloride hexahydrate. Phys. Rev. B,
74:195101, Nov 2006.
[33] Michael J. Thorpe, Lars Rippe, Tara M. Fortier, Matthew S. Kirchner, and Till Rosenband.
Frequency stabilization to 6 [times] 10-16 via spectral-hole burning. Nat Photon, 5(11):688–
693, November 2011.
[34] Luke Taylor, Yan Feng, and Domenico Bonaccini Calia. High power narrowband 589 nm frequency
doubled fibre laser source. Opt. Express, 17(17):14687–14693, Aug 2009.
[35] Pavel Sekatski, Nicolas Sangouard, Nicolas Gisin, Hugues de Riedmatten, and Mikael Afzelius.
Photon-pair source with controllable delay based on shaped inhomogeneous broadening of rare-
earth-metal-doped solids. Phys. Rev. A, 83:053840, May 2011.
